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ABSTRATT

A reliability-prediction program was conducted by ARINC Research Corporation te
provide the U.S. Army !Mobility Equipmen: Research and Deveiopment Center with
quantitative reliability predictions of two manufacturers’ organmic Rankine-cycle engine
generator systems and a computer program for calculating the predictions. Historical fajure
data were compiled, and a reliability-prediction mathematical model was developed. A
computer program was developad, and reiiability predictions were made for the two systems
for a variety of missions and environments.
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FOREWORD

This report was prepared by ARINC Research Corporation for the U.S. Army Mobility
Equipment Research and Development Ceonter, Fort Belvoir, Virginia, under Contract
DAAKO1-70-D-4142. Its purpose is to provide a quantitative reliability assessment of engine

penerator systems currently being developed by Fairchild Hiller, Stratos Division and
Thermo Electron Corporation.




SUMMARY

INTRODUCTION

This repcrt oresenss the retults of a relizbility-preciction progran for ciosed orgasnic
Rankine-cycle engine generator sets. The pragram was conduetedt by ARINC Research
Corporation for the U.S. Army Mobility Fqu:sment iesearch s Development Cents
during the period\July 1970 to September 1870,

The Rankinecycie generator systems o two wmansfacterers — Farchild litler, Stratos
Division, and Thermo Electron Corporation — are cconsideved : this repori. Each is 2
self-contained integrally started power-generator system capable of - it hours’ operation
on its own fuel supply.

RELIABILITY-PREDICTION MODEL

In preparation for developing the prediction model, parameters that define the syst: s
were specified, together with the missions and environi:ents. The reliability biock diagran ¢
and prediction equaticns (mathematical model) were formulated from system furctinu:!
schematics, drawings, and diagrams.

FAILURE DATA

A number of failure-rate data sources were surveyed and the falure rates for similar
components hsted. Operational factors required to adjust each failure rate to the
environmental modes and manufacturers’ estimates were derived. A Fatlure Mode and
\ifect Analysis (FMEA) was also performed.

COMPUTER PROGRAM

A computer program depicting the mathematical prediction mode! was prepared. This
program can be exercised for any basic series-constructed system over a wide range of time.
The output (reliability predictions) can be obtained for a variety of mission types over four
operating environments. The program was made sufficiently flexible to allow system-
configuration changes, as well as failure-rate distrivutions other than the assumed constant
failure rate.

FLUIDIC-CONTROL APPLICATION
The feasibility of utilizing fluidic control devices was investigated b-iefiy. The

advantage: and disadvantages of such devices, their estimated reliability, and areas of
application were evaluated.
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CHAPTER ONE

INTRODUCTION

Under Contract DAAK01-70-D-4142 to the U.S. Army Mobility Equipment Command,
ARINC Research Corporation assessed the relative effectiveness of two organic Ra.kime-
cycle power plants under development for the Electrotechnology Laboratory ot the U.S.
Army Mobility Equipment Research and Development Center (USAMERDC),

The purpose of the assessment was to make quantitative reliability predictions for the
two candidate configurations and te provide USAMERDC with the basic tools for
performing futurs reliability analyses. A hypothetical system with idealized characteristics
was used to show the ultimate reliability of the Rankine-cycle power plant. The foilowing
tasks were performed:

Review available information on the Rankine-cycle power plants and establish
baseline data

Identify a representative mission and define system failure
- Perform a Failure Mode and Effect Analysis

Develop a reliability-prediction model at the major-component level sufficiently
flexible to permit configuration changes and the use of various types of failure
distributions

Perform a reliability prediction of the two candidate systems and a hypothetical
system

Develop an estimate of the mean active-repair times for the candidate systems and
determine the availability of the systems

This report presents a background discussion and description of the candidate systems,
Failure Mode and Effect Analyses for the systems, the prediction model and the predictions
themselves, and a discussion of ‘he application of fluidic controls to the Rankine-cycle
engine. The conclusions and recommendations resulting from the study are also presented.




CHAPTER TWO

BACKGROYND

The U.S. Army is currently conducting a techmical evaluation of silent ground-power
systems. The Rankine-cvcle engine is one of the candidate prime movers for such a system,
Two contracts to develop a Rankine-cycle engine generator set were awarded by the .S
Army Mobility Equipment Research and Development Center (USAMERDC]), Ft. Belvoir,
Virginia, to Fairchild Hiller Stratos Division, Bay Shore, New York, and Thermo Electron
Corporation, Waltham, Massachusetts.

The closed Rankine cycle for steam or organic working fluids involves the four
thermodynamic processes shown in the pressure-volume (PV) and temperature-entropy (TS)
diagrams of Figure 1.

Ideally, the working fluid undergues an isothermal and isentropic pressure increase in
the feed pump, process 1—2; and a temperature increase i the boiler at vonstant pressure,
saturating, evaporating, and superheating the fluid, process 2—3. Process 3—4 represents an
isentropic pressure decrease in the engine; and process 4—1 is the constant-pressure heat
transfer in the conderser, condensing the vapor back to a liquid to re-enter the feed pump.

— Yy,

Figure . RANKINE CYCLE PV AND TS DIAGRAMS
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The organic Rankine-cycle systems have a potential problem area with the organic
fluids. If overheated, the fluids undergo thermal decomposition, rendering the system use-

less.

Figure 2 is a flow schematic for a basic Rankine-cycle engine generator set that uses an
organic fluid as the working substance. The numbers correspond to the processes in the
cycle. The regenerator is used to increase the efficiency of an organic Rankine cycle. The
energy of the _uperheated exhaust vapor is transferred internally in the cycle to the working
fluid after the fluid leaves the feed pump; this significantly reduces the energy required to
vaporize or superheat the fluid in the boiler.

®

i

i Regenerator @ VFeed ®_ Expander/ | {oad
porer i Liquid Side Pump Turbine
| I
4
’ Regenerator | 4 t | O
| Vapor Side
Fuel in
——1  Condenser
Figure 2. BASIC FLOW SCHEMATIC FOR ORGANIC

RANKINE-CYCLE SYSTEM




CHAPTES THREE

REL{ABILITY-PREDICTION MODEL

The term “reliability-prediction model” describes the block diagrams and eguations that
depict and mathematically relate component reliabilities to overall system relichility. The
development of a reliability-prediction model encompasses several tasks:

Definition of the system mission

Definition of system failure

Statement of assumptions

Development of reliability block diagrams
Development of reliability-prediction eguations

3.1 SYSTEM DEFINITIONS

The two manufacturers’ systems are similar. The major difference that might affect
reitability 15 in the power output ievei of the generator sets, which affects set size. The
following system descriptions show the di‘iersnces between the manufacturers’ designs.

3.1.1 Fairchild Hiiler, Stratos Division System

Fairchild Hiller Stratos Division, herzinafter called STRATOS, is designing a 1.5-kW
organic Rankine-cycle engine generator set rated at 28 Vdc. The set will be inaudibie at 100
meters, will weigh approximately 150 pounds, and will measure approximately 2" X 2" x 2’

Figure 3 is a flow schomatic of the STRATOS generator set. The organic working flud
is FC75. To protect against overheating or overpressurization, a thermal sensor is placed at
the fluid exit point on e boiler to shut the system down. A pressure-burst dise is aiso
placed 1n the flaid loop for additional protection of the system components in case the
thermal sensor fails and the system becomes overpressurized tc the point of catastrophic
line or component rupturs.

The turbo alternator pump is the unique component in the STRATOS generator set. it
combines three components into one on a single rotating shaft. The two fluid-film journal
bearings and a thrust bearing are lubricated by the working fluid. The unit is hermetically
sealed in the fiuid loop, two fluid drains in the alternator case remove entrapped FC75.
Liqui? FC75 flows in a coil around the alternator portion of the turbo altemnator pump to
cool the wirdings. The power-conditioning circuits are mounted on a cooling plate for the
same purpese, This keeps all of the major powerproducing elements at a constant
temperature during system operation.
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The condenser fan and the fuel pump are driven by variable-speed motors. The motor
speeds are adjusted by thermal sensing circuits to maintain constant fluid-loop conditions.

The alternator speed is kept constant by a solenoid modulation valve in the fluid loop
just prior to the turbine inlet. The valve is controlled by a circuit that detects the output of
the alternator and sends a signal to the solenoid to vary the flow rate to the turbine. The
feed pump is a centrifugal noncavitating pump whose output 1s kept constant by the
alternator’s fixed RPM.

Tae fluid loop is hermetically sealed. It is therefore repairable only at the depot level.
Most support components in the systeras (see Chapter Two) are repairable zt the
organizationa! levei of maintenance. The electrical and electronic curcuits are currently
planned to be field- or depot-repaivabic.

3.1.2 Thermo Electron Corporation Syste:a

Thermo Electron Corporation, hereinafter called TECO, is designing a 3-kW, 120-Vac
Rankine-cycle generator set. It will be inaudible at 100 meters. weigh approximately 300
pounds, and measure approximately 2.5° X 2.5' X 2.5'. Figure 4 is a functional schematic of
the TECO generator set.

(P34, an organic substance, is used as the working fluid. To protect against overpressure
or temperature, safety sensors are placed in the fluid loop. The boiler requires a buffer fluid
around the organic fluid because of the extreme temperatures. The buffer fluid transfers the
thermal energy to the working fluid. The flow energy of the vapor is converted to rotary
motion in a reciprocating two-cylinder engine that is coupled to the alternator. The vapor is
then exhausted through the regenerator tc the condenser. A positive-displacement piston
feed pump is gear-driven off the engine; 1t is located upside-down to form the bottom of the
engine crankcase. The crankcase is filled with a silicone lubricant to lubricate both the
engme and the feed pump. The silicone 1s miscible with the CP34; a fluid/lubricant separator
1+ thus necessary in the loop since the seals and rings in the engine and feed pump are not
100-percent leakproof,

When the system is not in use, the working fluid and lubricant characteristically migrate
to the engine crankcase. A starting fluid reservoir is placed in the loop to drain the
accumulate¢ fluid from the engine. This reservoir provides the fluid to the start pump,
preventing pump cavitation at system startup.

A motordriven throttle valve is used to maintain constant engine speed. Alternator
output is sensed by a speed-control circuit, and a control sigral is sent tc the valve’s driving
motor.

The fitnd loop is hermeticaliy sealed, except for the shaft seal on the engine crankshaft
which must penetrate the crankcase to connect to the aiternator, making it extremely
impractical for the user or field-suj yort maintenance facilities to repair components in the
loop. Maost of the olectrical and electronic components, fuel- and air-supply components,
and condenser fan are planned to be field-repairable.

3.2 SYSTEM MISSIONS

The U.S. Army Mobility Equipment Research and Development Center has establhished
a goal of a 95-percent reliabiity for the generator sets. with a confidence levei of 90

-3
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percent, for a mission duration of 24 hours and an inherent availability of 98 percent.
ARINC Research Corporation used this requirement as a basis for developing two
represcntative missions.

3.2.1 Mission Prefile
3.2.1.1 Mission ]

The first mission is for the Ranikine-cycle generator set to start up in three minutes
(0.05 hour) and continuously deliver power for 24 hours without shutting down. It 1s
conrected to an external fuel tank, but this fuel source is not considered in the rehability
model.

3.2.1.2 Mission II

The second mission involves cycling the generator set through startup and power
delivery four times in 100 hours. Two of the startups are hard starts, requiring six minutes
{0.1 hour) each; tke other two starts require the normal three minutes. The sets deliver
pwer continuously for 25 hours after each start.

3.2.2 Environmeuts

At the beginning of the project it was planned to incorporate the effects of temperature
and weather conditions as the environmental effects on the system. it became apparent,
however, that there was little operational information on mechanical and electromechanical
equipment that reflected these environmental factors. Data were available on several
operating applications for these equipmenis; the three of these which were used are
described below.

3.2.2.1 Portabie Ground Environment

The generator set is in a portable condition, not rigidly mounted in a fixed installation;
it can be moved from place to place in vebicles traveling cver unimproved roads and can be
loaded and unioaded manually.

3.2.2.2 Tracked-Vehicle Environiment

The generator set is mounted on a cracked vehicle capable of traveling over open terrain.
The set is subject to severe shock and vibration in transport. The sets will normally be
operated while the vehicle is not moving, although operation is not restricted to times when
the vehicle is stationary.

3.2.2.3 Laboratory Environment (Hypothetical System With Idealized Characteristics)

The laboratory environment was used to meet the contract requireinent to deveiop a
prediction for a hypotheticul system with idealized characteristics. The lzboratory
conditions are based on the assumption that the sets are functioning in an ideal environment
with skilled personnel performing the operational tests. It is believed that the data produced
under these conditions show the best achievable reliabilitv for the prototype models and
indicate what can be expecwed from production units in the field that are superior in design
and rehabiity to the prototype generator sets. The system manufacturers currently believe
that the best method to achieve higher system reliability is te improve the design rather than
incorporate redundancy.




2.3 FAILURE DEFINITIONS

The loss of any critical component that prevents the generator system from meeting
100-percent power-cutput capability results in system failure. A critical component is any
item or part whose failure would preclude successful operation of the system or create
safety hazards. Included in this category are the components required for starting the
system since without starting capability power outputi cannot be achieved.

Failure of any safety-shutdown circuit is a system failure. These circuits are fail-safe —
that is, the loss of one of them will antomatically shut down the system.

3.4 ASSUMPTIONS

After the systtms, the missions, and failure were defined, the following major
assumptions were maJe to establish prediction-model limitations:

- QOnce the system has exceeded the infant-mortality period, the failure rate does not
change during the life of the system (exponential distribution).

All components must function properly at the prescribed time in the mission for
complete system success.

System safety-shutdown circuits are not fail-safe.

Generator-set maintenance will not include any compenents in the fluid loop,
because the loop is hermetically sealed by the manufacturer or depot.

3.5 RELIABILITY BLOCK DIAGRAMS

A reiability block diagram is a pictorial chart of a system or subsystem that depicis the
interactions between the components of the svstcm and the effects of a component failure
on the system.

Figure 5 ic the reliability block diagram for an orgaaic Rankine-cycle engine generator
system composed of four functicnal groups or subsystems:

Fluid-Loep Group — any ccmponent that comes into direct active contact with the
organic fluid

Power-Generation Group — the ccmponents and circuits that make up the
power-generation, -conditioning, and -rectifying segment of the generator sets
{excluding the alternator in the STRATOS system, which is included in the fluid-loop
group because 1t is hermetically sealed in the loop)

- Eiectronic Control Circuits Group -- the circuits that control, regulate, and protect
the generator set, along with the electronic or slectrical sensors providing the proper
input signals
Support-Components Group — components or items that do not directly fall into
the other three groups and provide a supporting service to the end mission of the
generstor set

10
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Figure 5 RELIABILITY BLOCK DIAGRAM, ORGANIC RANKINE-
CYCLE ENGINE GENZRATOR SYSTEM

Figures € and 7 are the functional-group reliability block diagrams for the STRATOS
and TECO systems, respectively. A five-digit code is assigned to every block in the reliability
diagrams for identification in the computer mathematical model when failure distributions
are being inputted. Whenever a change is made in the diagram, it is necessary to add or
subtract a code depending on whether a component is added or removed.

3.6 RELIAB!LITY-PREDICTION EQUATION

The rehabuility-predictior equation expresses the mathematical relationships between
the system components in the reliability block diagram, showing how they are reiated to
overall system reliability.

The Rankine-system componentis have basically a direct series relationship. The
computer model calculates the reliabilities of all the components individually. The failure
distnbution of each component or circuit, the amount of accrued nperating time on the
component, and whether ur not the component is a redundant element in the overail model
are required for these calcvlations. These data are inputted into the model with the
componen!’s five-digit 1dentification number (see Chapter Six).

The series model for either generator system composed of n elements can be simply
expressed as

n
R’S = II} Rl(t) = R; ) Rg ‘ R3 e Rn
ix

The equations for calculating the reliabibities from the four distributions used in this study
for anv single component are as follows:

Exponential
Rift) = e Ajt

Normal
1 2
- —_ 20
Ry(®) f oo dt
t

11
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Log Normal
1
R;(t) "/
AY
t

Probability

Ry(t) = Probability of success

It was necessary to use exponential data for the predictions. However, during prototype
testing and development testing, with the proper data-collection techniques and sufficient
test time, it will be possible to develop the true failure distrihutions for each component.
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CHAPTER FOUR

DATA COLLECTION

4.1 DEVELOPMENT OF EQUIPMENT FAILURE RATES

Since operationai data were not available for most of the components in the two
systems, it was necessary to research a number of failure-data sources to cbtain data on
similar components. The primary sources are Government and contractor data banks, which
offer fzilure histories for a variety of mechanical, electrical, and electronic components. The
sources used for this study are listed in Appendix A.

To obtain appropriate component failure rates, all the available failure rates from the
data sources used were listed and then screened for a best-fit average failure rate in a known
environmental cordition. The environmental conditions for the data ranged from the
laboraiory to space vehicles. Tables 1 and 2 present component failure rates for the two
Rankine-cycle generaior systems. It is emphasized that all of the failure rates are
exponentially distributed.

It was assumed that a portable generator set would not be subject to a singie
ervironmeut: therefore, three K factors were developed from the data sources. The fourth K
factor is not environmentally oriented bni simply diists the failure rate listed in the table
to that developed b the manufacture. it is thus possible te show the manufacturers’
estimated reliability in comparison with the three envirobmental categories described in
Chapter Three. The K factors are as follows:

K, ~— Manufacturer Adjusting Facilor

K, = Portable-Ground-Environment Factor

K; — Track-Vehicle-Mounted Factor

K. — Laboratory (Hypothetical System) Factor

It 1s apparent from the tables that there are numerous adjusting K factors for each
environmental condition, The reason for this is that different data sources were us>d znd
there is no universal factor for all squipments. The failure rates of most equipments increass
as shock and vibration increase; thus a higher multiplying K factor is required for the
trecked-vehicle environment to increase the ayerage failure rate.

There are very few failure data on mechanicai equipments that show the effects of
extreme ccld or heat on operating life. Temperature sffects were therefore not considered in
the environmental conditions.

The delivery of thc manufacturer’s prototype system to USAMERDC for operational

testing 1s the ideal time to begin a data-collection program. Theie is very lLitie cperational
informaiion on organic Rankine<ycle systems; to perform a complete evaluation of the
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Takle 1 COMPONENT FAILURE DATA, STRATOS ENGINE GENERATOR SET

priory Y ‘ e K K K Ky | D
!:::;:" Component Name w 1 2 3 4 Saurce
1o Heater, Boner 10 563 100 2590 10 2
11020 Connecton Thermistor  Fued Control 00s 00 100 250 10 2
103 Suart Valve 688 159 100 259 I 2
11030 Modulation b atve 85 00 Hi 250 10 2
13950 Turbo Altemator Pump 242 248 i0 25 n2 2
11060 Regenerator 42 3ut 106 250 10 2
11070 MingSection Desuperhuster 4.6 90 100 250 %] 2
13080 Condenser 533 3517 100 %0 i60 1
11090 Connection, ‘Themator, Condenser Fan Control 203 00 1o 250 10 2
11110 Cheik Valve, Man 50 (i3] 100 250 ic 2
11120 Chedk Valve, Startep 50 00 100 250 io 2
11130 Prescure Regulator 214 00 100 250 10 2
11130 St Pump kKE] 1325 19 25 02 H
11150 Dratns, Titho Aemator, Pump (2) 003 06 10 25 02 2
i1160 Couling Coil, Turbo Anternator Pump 165 90 10 25 02 1
11170 Coafing Plate, Power (onditioning 165 00 10 25 a2 1
11180 Lines and Fittings 1403 29 99 100 250 10 2
11190 Prewure-RBust Dok 06 00 1o 15 02 1
112i0 Pressurs Retef Valee 177 60 o 25 g1 1
14010 Voltage Hegulaton 1 32805 H =0 102 g1 5
11020 Voltage Regulator 2 29878 19 29 160 G 5
14030 Yoltage Reguiator 3 3 567 16 20 100 H 5
14040 Poveer Londsioiing Circunt 1 123 o 29 100 01 5
13050 FowcrLonditermang Crcun 2 02 10 20 100 o1 >
14060 PowerLor ditwnang Creunt 3 0075 1 20 100 o1 5
11070 Connectee, 2 Py {Femaled (iR} 16 il S50 o1 i
Y Ohenvoltag Crowhas Coecuit 20 10 10 &0 025 4
16320 J0-Feroud Timwr Crount 143 0175 10 775 0175 4
16040 Unertemperatute Cirsuit 143 013 1¢ 7% 0335 1
16040 3 Minute Temer <ireus 300 03 10 50 03 4
16050 Fuel Rate Control Crcunt %33 024 10 75 024 4
16060 speed Lantrol Carcust. Cond-nwy Tan A3 021 io 5 024 H
18070 ~spevd 4 ontrol Caiust. Turbine 851 024 10 75 024 4
1ol Ovetymed Cieue, Turbine 833 a2 19 75 024 )
160190 Conir ¥ Connes ting Coaut 25.6 L1351 io 667 025 i
16119 1 Rrasonn (heaitstor Circust 500 63 16 50 03 % 4
1hi20 fgmition Caout 250 n32 10 667 sz ; 1
16130 Speead L ontrod Lirest Sok-noxd 66 10 1o 15 02y 4
6140 ~wite n Ovetempsraturs Shutdown 212 24n 12 23 [ ] 3
Inlie Temperature Senvat Fuel Cortrad 60 ou3 10 25 132 3
18160 Tempwratun Saar (ondener Fan Contrst a7 nn 6o %0 106 3
1»010 Fuel Punge iR 172 14 25 022 H
18029 Fuel Pump: \Maotor a3 0o ieg 590 10 2
1800 ttomezer 5 21 i 16 0} H
%010 Fan Az Fiow i3z 257 iv 195} 0% H
JEE) f Ban Motor, Az Flow 02 20 o | 250 | 16 2
IR0G0 1 Rgmtens i 2y 382 0o 1a 60 a0 i
NoTo % fan {Cnwtenwt 66 z 2. 1o 25 ai 1
I~k 1 Fan Motar ( ondeter 11 i Go ¢ 25 0l i
18090 | Drcung 123 | 60 10 25 1 67 1
IR5L0 patteny 41 00 10 25 u2 H
1%120 Lines andd Fatings Fuel 12 oe wo B4 i0 2
1830 Fue: Fiiter [ a0 i 106 e 10 2
1% i * ue s Tank ard Shatoff Vabe et a0 i 1@ 25 i H
X150 ; ntars Pamps Motor 201 vo j 10 15 [{Ie3 1

= = 55 ctntal tumbnt 7 coMmOOnenlat
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Table 2 COMPONENT FAILURE DATA, TECO ENGINE GENERATOR SET

Grou N
Block Component Name il 'S K2 | K3 Ky | e
Number Million
Hours
21010 | Botler 49 1.02 80 | 220 | to0 3
21020 Connection Thermistor, Fuel Control 003 00 10,0 250 1.0 2
21630 Scparulor 1.30 346 80 220 i 1
21040 Throttle Valve 2123 165 1.0 20 083 1
21050 Engine, Expancer s 0475 1.0 224 0275 b
21069 Regenestor $20 } 0595 10 25.0 1.0 2
21070 Condenser 533 13 10 250 10 1
21080 Connection, Pressure Sensor, Condenser Fan Control 002 (111 160 230 i 2
21090 Ferd Pump 36.5 0.274 10 1.37 0.334 b
21110 Pressure-Lontrol Valve 392 [204 80 220 1.0 3
21120 Starting-Flusd Reersor 243 01975 10 243 ot 1
21130 Start Pump 34 138 10 35 0144 1
Z1140 Pevssure-Burst Dk, 100 pst 06 0833 i¢ 15 0.2 1
21150 Linws and Fitvngs (103 20 50 100 250 1.0 2
21170 Pressure-Burst Dak, 80C pat 06 0833 10 15 0.2 1
21180 Flex lines 3484 0257 10 157 0.51 H
24010 Altemator 07 286 80 22.0 1¢ 3
21020 Alternator Starter Wanding 0.3 [11+] 80 220 10 3
21030 Rectifwr and Hatiery Charger 202 05 10 866 06 i
24040 Connector, 2-n (Female) G3 oo 100 250 10 1
26010 Throtike -\ shae Control Cireunt ¥3.3 0.356 10 75 0.2 4
26020 Burper Control and Igniton Logse Crreust 36.3 0.723 1.0 .15 02 4
26030 Fuel-Rate Crrent 533 (1] e 75 02 4
26010 Mperd L ontrol Crvunt Alternator 833 00 10 75 a2 4
26020 Speed-Control Cipeust, Condenser Fan K33 [131] 10 75 02 4
25060 erpiossare Shutdown Cgaut 143 Q0 10 kA 02 4
26070 Starting Lougx Ceeunt 63.3 0o 1 561 02 3
TGOS Controt Connecting Crreust 25.0 00 10 w6 (i} 4
26090 Tuermaustor, Fuel Contml 06 a0 0o 250 1.0 2
25110 Pressute hensor, Condenser Fan Control 35 00 50 220 10 3
28014 Fuel Pume and #lost Resenor 2924 8676 10 25 02 i
28020 Fucd Pump Soleroud 538 ; (1] 10 25 02 1
28030 Fusl-Line Filter 93 100 100 250 16 2
24030 | Burrer 1% 1o LI EL 5
28050 | Aomwation Compnnor and Motor 126 f11 1o | z: | m i
050 | AMomut o1 oo 1o ; 10 | 01 1
28070 | Combustion Aw Blawer 33 ‘o9 to ! 25 | o1 1
2% | otor. Combuton Aw Blower 235 loo | 10 [ 25 o !
TUMO § Gemiters sez fwo | 10 | 60 | 0o 1
28110 | Condenr Fan 66 07T ; 10 | =25 1 ]
%120 Motor. Condenat ban 421 (31 I 16 | 25 0! H
2«10 \iotor Treosthe Vafve Drnvang ixn au it g0 E 234 ia 2
sl Mator Starts Pump 02 e 10§ 15 05 i
24156 Hatteny s 0123 , 16 | 13 o2 H
35168 | Bapancon Tank, Water Jaccet 008 00 § 100 ' 2590 | 10 3
23170 | Preus-Bont Uk 2000 g 06 ;0833 10 i is | e2 1
2nlah Funv i lanes ané Conpecione 12 too { 100 | 250 10 2
INI90 | el Tank aned Shuteff Vb 01 .00 ! 1o ’ 25 | a1 1
2~21) Dustng 1236 ;40 2 10 25 635 i
25220 Precwire Switeh 7T 0132 l 10 i 25 (i i

n 53 #1012l pumber of comporenta.
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generator sets, more accurate values of mean time between failures than provided in this
report should be obtained. It will be necessary to develop a data-collection and feedback
system that will provide the proper historical information for improving design, lowering the
cost of equipmant repair, and reducing equipment downtime due to frequent failures.

4.2 DEVELOPMENT OF EQUIPMENT MAINTENANCE DATA

‘The information available for estimating component repair times is inadequate. Both
manufacturers are planning systems with hermetically sealed organic-fluid loops; this will
require that the generator set be transported back to a depot maintenance facility or the
manufacturer for repair of any component that involves breaking this seal. The long-range
development plans include making the systems repairable at the field maintenance facilities
by providing the necessary loop-purging and fluid-charging equipment at that level.

The only equipments intended to be repairable by the user or support-level maintenance
are system-support components and some of the power-generator components. The detailed
design information concerning these areas is still being formulated by the manufacturers and
is not yet adequate for developing realistic mean-time-to-repair (MTTR) values. However,
STRATOS fumished a list of estimated repair times for the support componenis. The
MTTR for organizational maintenance is 0.7 hour.

A detailed examination of system repairability should be made for each system,
considering the present repair-level capabilities of both the prototyp models and
anticipated production models. Repair times can be obtainad at the same time prototype
testing is being performed, and recommended design improvements can be reflected in those
values.

With the proper data-collection and feedback program, the best reliability, maintaina-

bility, and availability figures can be obtained for the prototype designs and reasonahly
accurate estimates made for final production models.
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CHAPTER FIVE

FAILURE MODE AND EFFECT ANALYSIS

The Failure Mode and Effect Analysis (FMEA) is an integral part of the reliability
prediction. It is & systematic examination of all components of the system to identify their
functions and how they can fail and to determine the effects of each component failure on
the overal! systern in relation to mission performance and personnel safety.

The identification of problem areas can lead to design changes that improve reliability
and maintainability or produce savings for the entire program. Based on FMEA results
program management can adjust the test and evaluation programs to provide maximum
assurance that the probzbility of critical failures has been either eliminated or reduced to a
tolerable level.

In an FMEA, mathematical probabilities of occurrence are normally assigned to the
various failure modes. For this report, the FMEA is presented primarily to permit a better
understanding of the Rankine-cycle systems and the interaction of the components. No
attempt is made to assign failure-mode probabilities, because of the lack of historical data
on equipment of this type. and only the more prominent failure modes are listed. Since
there is no inherent redundancy in the system, most of the component failures have the
same ultimate effect on the system — loss of power output. Tables 3 and 4 are the FMEAs
for the organic Rankine-cycle engine generator sets of Fairchild Hiller Stratos Division and
Thermo Electron Corporation, respectively.

The following elements comprise the FMEA format used:
* Group Code Number — the numbers assigned to each component or circuit in the
reliability block diagrams in Section 3.3

* Description of Component/Assembiy — the nomenclature of the components or
circuits as specified by each manufacturer

< Function — the general description of each FMEA component’s functioning in the
system

= Failure Mode — the type of failure judged tc have a probability of occurring during a
mission

* Failure Cause — the most probable causes of the failure

* Failure Effect — the effect of the failure on the system and the mission

* Criticality — the severity of each failure mode and its related failure effect on a
discrete phase of the mission:

Critical (C) — a failure that prevents the component from completing a discrete
+*hase of the mission or is judged hazardous to personnel
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- Major (M) — a failure that significantly degrades the performance of the
component or delays its function such that it may not complete a discrete phase
of the mission

= Minor (m) — a failure that does not have a significant effect on the ability of the
component to complete the discrete phase of the mission, but should be
repaired eventually

- Action Taken/Avoidance Technique — the action to be taken by the user to return

the set to operational condition; or the technique that can be used during
manuiacture to eliminate, or minimize the effect of, the failure mode or to make the
set easier to repair in the field

22




Table 3. FAILURE MODE AND EFFECT ANALYSIS FOR STRATOS ENGINE GENERATOR SET

- Frilury Fadure Fauie Orthe Action Taken/ -
of Component/ Fuaction Hodv Caitne Etfect o Avoidance Technique
FLUID LOOP-11000 -
T Convert the working Ruptvre in working ()mbnuﬁ. {atigue, ther- Working fluid drmio;mon MC Safety derices will wﬂu #ystem
Nuid (FC 75} from a” ki tube mal exparsion ~ from overheating. causing cor- - damage from cverhesticg by tbumng N
hqiid to 3 vopor; con- fulon in sysiem componenis yatem duwn,
tus and mufTle the o -
fan Lot of working flvid; éausieg c
burner fix - system shutdown
Ruptured ballet casing _ Hot start. fatigue thermal ~ System shutdown, cxcrahe [
- expasslon . - polse
1" - Restriet fluld fow Ia (1) Fadaré to chosez | Corrosion; erosion. clogging (1) Fallure to close; system mst
the system at sterf 3p -(2) Failure 10 open; * from contamination of work- start-up will be delayed. -
until the percribed - {3 Faduee to opener |- ing fluid: biokeit spring. bel- pasisble damige to tirbo- - ~ - .
sapor pressure and I o completély fows. or plunger alternator pump
, Aemprraturc is eached | - - o1 (21 Fadure 6 open: e | C- e >
shut down by safety cder.
Umperature sensors R
: N (3) Failure 10 open clow com: | m.C
- - pletedy: syvm output e -
ﬁnfd by floW frstrichon
Control the flow tsie Faiture of vahe {0 con- \nh(r-wn e jamined from lnbi!uymaguhlrnmand e
of the working vapor trol flow «nmnaﬂon or {ofrosion fou of cutput rrgulation ~
10 the turhine to maln |- z
- ot Yalve worn nu‘n'd) from
N n“n “"!"”‘ slternator ennion, sliowing excessive -
* flow uf vapor to turbine [
.10 Terbo- Contains & rotary engine -} (1) Eaéun of turbloe Mualignment from besring or Detetiontion of output untd MC
- _ - -alterrator T fturbine) (1) on 3 ngd” |- spocer wear, Causing vibnation . | system shuts down N
-1 Pump shait with the alternator- of coatact with hozzbr
- AR ‘2"":"“""96' 121 Fallute of sitermator | Open, grounded. shorted wind- Pﬂm-f) reduction o Jossof | € )
R “ery and accemory toi primay power, sccex | ine outpul power = svstem con-
- power and excitation fof sof peawer - Unues (0 operate
- the Tleld colls, and the |- -
. - Mpi-iﬂ_lgll&hv i Mm moh)\xem (¥
-1 creaies the presuce of 43 Fallure of pomp |- € wear, d g CApa- ~
- - the Worklog fluld pior- | of pump blade< intake, of b-lzlymmgudumls)o R H
. 1o entering the Soller : Ahaust ports tem output to system shul-
B down
i Cracked, bioken, Jeaking | Fatigvie, sbuek, sibeztion, Low of working fluid, exnsing | M C -
. Sousing mtx«wm’\ defect -{" deterionation of output to )
N i - - - | tem lou-pmrr stutdowr: .
L 17360 Regenerator “Inctesse tefapeakure of l.nush; plure ulpm Fractuse 3t flaw, or fatgue Dduivndu untd systern [ o
z Fvembly e \mtlln‘ Busd before ~ from sibration, shock, thermat- | shuls down .
N it enlefs the boller by Fhmd-mbe mp!sn expension N
tranaleting beat from the lhquld uni
- Worklag sapor after it (.'lnmnﬁonheﬂ Drposit busddup on fins from Reduced efficnncy N
- - leases thr rngine edehanger working fiuid contamisation
1 11070 Maing Atn the fland that has - Ruptured howsiog: (zix- |« Fateue. shock, vibration, con. Lass ot sorkizg fluid, corsing [+ -
_ Sectiun tubricated the T-A P ing section cloggrd, cor- | tamisated working flud. of sytem rwtdows:; - b
Ne-Super bearings with the sapor rcded, croded thermal sars nproper m buildupof §| MC 1™
i heater befoge it eniers t1e con- i bock porcure om bearing b |
deper anes, caving ovetheating of
R R hratings -
11050 Conderrat Convert the working Leak, reptured tube Fatigue from shork, sibration, | Svdem  stdown [ Quality conind and teting 4o
fluid from 3 vapor to ot Maw at weld suusr inlepnty of Hbraated
2 hquid by remoring tubimg, howsiag, apd brazine-
) heat Clogeed rtubes | Contadination from Aotking | Lo of mitput I | Pl tnts of wacking Mo dould T
fluid - detoet contammaton befor
enteal baildup can take place.
Clogging of conling-air Aimesphericpattcie tontamic Lo of output m 8 snciudes penadsr cleanimg of
fime nation rondenset core fin area.
- -
j une Cheek Valie, Pres it ferete working: Falure {0 open Reolen spring ball jammed ia Open: system wilt shut down (4 T
Main Nud fiox 3t dartep B onfice; opering clazeed, or 10m A etPressuriatnn
- Faitre 10 clow wat erded, preventing bak Close: system wilf not stari - | €
trom wating posuble damage (0 botles o¢
- Setenonticn of working fluwt
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11120 Check Vahe, Prevent working fluid Fastlure to open Broken <prinz: balt jammed in | Opea: system ranont be [H -
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Table 3. (continued)

aovp | Joometn Fadure Fasure Fadare fm Action Tekea
Componen Fuaction
Code No. Amernbly Mode Cauee Ettect cality® Avoldance Tochaique
1150 Drains, T-A.P Droln fluid that leuks Draios clopged Contaminsted working flusd Alternator fulls with fluld. C
into the alterantor Viscous deag causes boss of
back into the fluid output UALil system shuts
loop down
11160 Cooling Transfer excess hest Rupiured of clogged Fatigue, thermal strem, shack, Gradual loss of working fluid, Y
Coul, Altes- from the alternator working-fluld tube vibeation, or contaminated causing eventual system chut-
nator to the working fluid working flusd dosm
11170 Cooling ‘Tranclet excens hest Ruptured or clogged Fatigue. thermal stress, shock, | Gradual loms of working fluid, C
€ail, Power from the power con- working (hiid tube vibratinn, or contaminated csusing eventua) system shut.
Conditioner ditioner to the work- working fud down
ing id
11020, Thermustor Connect the compo- Leak, wature Fatigue due Lo temperature, Loss of working fluid, causing miC Before the flund loop s filled
11090, | Connections, reals in the fluld shock, vibration reduced output to Rstem shut- and sealed. & helivm Jeak
11180 Pping snd and allow for thetmal down test should be performed tv
dolats, and expunsion of the insure Joop integrity.
Bellows Tube plping
11190 Presmurce Safety device in flund Fails briow ralxd pres Manulacturing defect Prematuse boss of 5y stems c Presmurs-burst diks represent
Bursl loop that ruptse wre final safe system shutdown be-
prevent exc sive ey5- Fashs at rated pressure System overpremureshutdown | Lo of sysiem with no dam- c fore soaw fhiddoop compo-
'""‘?“"m if clreuit falls, disk works as de- age 10 coponents in fluld neat i dpmaged.
a‘;“"' ® cireuit signed foop Systen, safety peessuse shut-
Fails above rated pres- Manufzcturing defect Loss of system with poasible c down must be calibrsted with
sure serlous romponent damage orest care
1210 Pressure- Functsons i con- Valve fails (o close Broken spring, ball jammed Ciose* system stast-up may mM
Reliel Vahe junction with the in otifice, opening clogged; be teinrded, with
start-up vabve (11030) ot a3t erodded, preventing damage to T-A-P
to allow fluid Lo act Vaive f2is to open balt from seating Open, system shutdown by
on the belfows al the vt
) overtemperature sen
preset pressure sor
POWER GENEIATION. 16008
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ficld-coit excrtation shock, vibratsn put will smmize downtame and
foe primsry powet make unit usrr-repairable.
cercuts
14020 \oltage Recrnes power from: Faiks Lo reguiste Out of i A output voltage LAY See 14010
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1
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Table 3 (continued)
: Gowe | 0o m’“""‘“ / Function Faare Fasure Failere Tnte Action Taken/
Code Mo, Awebly Mode Couse Filect cality * Avoidance Technque
S - IR U SRR - .-
16030 (scrtempety Shut down system False signal Seme 83 sbove System wil) shut down c See 14010 -
and ture Cireuit if working-fNluid temper
: 16140 ature exceeds T00°F by | poyyre 15 senar over 1f safe shutdows: ¢ rrqusred
. shutiing off fuel wpply | omperarure condition and does not occu r:um
’ can be senowty & naged
from merhe aing. her
x ipred arcust « 6 90) shoutd
i functior. first
) 15010 1 Minute Pick up the stan s Failure 10 contzol start- Cleciticsl-component faid- Faslure to slart syatem [ Module replacement of cyreut would
Timer Cireuit quence from the 30 up sequence ure dur 1o tempenature, slmmate downtime and make system
srcond timet clreut vibration, shoek, of random wvet-reparble
and froxide the capa- ewrcunt faikixe Faslure (0 sequence startup me Safety desices ahould be located to
- l:‘o:_\'loﬁat::w‘?;' mods proprity — no prob- prevent ignition when large amounts
) A e, to 50 systers statt, of of unbuted foc? hane bres inected
- ?"‘m required dunget to personned (rom Into bobler
of p. remane bodiet explosion
machinery Trom loop
on proper sequency
of dariing, and shut
down on (she start
46050 | Awand Sense working fhad Lot of signal Opess controt cireuit System shutdown or faiture 4 See 14010
and toed rate temperature and de- to atart
16160 ::omr:l mi; I:::‘* Lot of controf fult Falure of one or move Fubl open  hizh boder tomper | o1
Ireun d .
el R s compenai e e,
the genersior hiad Operair at ful M ol
and the overpreisure will cause safety §
operate fom- shutdown
bustion air fan and
fuel pump to provide Low of contrl, full full clowd  vtem shutdoun
that amount closrd ot fakute to start
1260 Sprea-Controt Senw working-flud Fadure of control Contarination and wess tnctabilsty — lowk of output pH See 11010
and Circunt, trmperature 8t the crcult of the temperatoe sen- tegulation t
16150 Condenser ondenzs 11 1080) 0. oprn, shorl, grounded Fawure open = motor con i)
Fan e<haust pott, tyrn control csrcuk tiowes to operate: system
g on the I Fams at reauced
nmelor o7 increasing
dectessing fan sprd Fulure closed - low of {0 .
10 rsntan steady enoling, temperature premar !
tate flow v causes safety shutdawn of
system §
16076 Spred Conirol Sense the speed of Falure of pen, shotted. grounded Low of oulpat weulaton MU See 14010
Cercunt s e alterrator and control cireuit seecunt due o faare of
Turtwne § wnd 3 anal 19 the ane of MOFe ¢Heul! ol i
hineat proportwnai ponents t
- wrirtond, which
maves the moduls- '
tivn salve to main- i
~ {an conistant RPN :
i
160%0 henpeed Shut wwsiem down Fadure of Same xs abeve I inenpred condstion ocrun [y § Citeuit charactenstic mas
1 Ot by cutiing off fuel control cireuit and the arewst dors not fawr- t make 2t wivantageols to INCeTpute -
i Turbne wpph should tur 0 s over tion, the svalem runs untl I the sperdcontrl ciTuIL Rit e
: bine merspred sperd mertrmperstute sbutdown cirrust {o mIprote SVIem felsbisty
! orcurs o¢ feed pump cvia ¢ Ser 12010 .
H Lon ortan, ostpct vidlage -
; it be uacontroliable
e o Gontred Interennnoos the Faslure of Crcurt opets, borted, Nor ganadide olfert. i Nslem ¢ m See 14010, R
§ { annecting contral aircutts comirol cncvnt prouaded from theemial shutdowse of sy to
; Cireen formvng an mist s videstion, shock or start
g vrtnork te narmed e wramat -
‘ | MafL un prowd,
and shutdown the
H gonenator wi
¢
e | Ulrson Conert dradh Lo of ugnal nutjat Cr-oit component fathire Fuel not atomised into border, [ Sex 13010
1 MoTiser staer d¢ iato 3 from thermal stress, sibea- cavang safets Razatd and s H
. L putung crrruit i ton, shock of normst fe temn shutdown L
inaw for the dtomuer { weamut i
. roek
i {mpruprr wymal aut Detenorston of cont Improper busmeg of foed o7, ue
put comprnent bodler. detenorations to
X N H of combuaslion aad svdem
'
%120 § frestwon ;s Proasde the ugnal Ignstion jrs Openy comtrnl vt Syistem Ratdann of fnlumn B See 11010
5 Ejreun I and current 1o the to start )
} 5 agnitor =z
: } :
U S Conerd 3 Rerenie the s Farture of sobebond Ogen. duated, grrunded Inatality to contrnd c H -
I loneer i from the 4evd ol turbme <pred i -
N Seesrond i sonirof oitrut -
M [ 116970) 322 trane
i R H
i Lnest motmw to
i ‘ mme medulation
. ! Lﬂte I
THIRLI0 K rombined with 1AL30 15150 1 combevd with IADRD 16164 n condoed wrh 16350
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Table 3. (continued)

Group .,u"‘"""" A Fodore Falbure Faikare Ceidk- Action Token/
Code Ko, A B Mode [v ) Effect exiity® Avoldence Technioun
SUPPORT COMPONZINTS-10008
18010 Fuet Pump Provide the proger Follure to supply fuel Line clogged frem contsmi- System shutdown [ Fuel-line fiiter should be incorporsted
wnd 4 Mntor quantity of fuel 1o astion, broken fuel line into system
18020 the ultrasonlc stomi- from: vibestion, fatigue
id Motor winding shotted Fuel pumsp snd motor should be de-
prounded, open: pump signed (of tepaic of seplacement by
gears jonimed warr.
Reduction in foel wp- Line contamination Loss of regulstion of voitage M
" Pump geses worn; motot/ output
pumnp bearings worn, bind-
ing
18030 Lltrasonie Atowsize the fuel into Atomizer clogged Dist ia fuel Improper burning of fuel in NC Fuel fil*vt thould be 2dded to system
Atomizer the boiler for yroper, Soiler; ceterioration 1o joss to remove dirt from fuel.
effCient combustion of combustion an system
Atomizer {allure Coll sharted, grounded, Fuet not stomized intc boller, | C Alomizer is usenrrpershie.
or oper: cousing siety hazsrd and
wstem shukdowa
18040 Combestion Supply the combus+ Motor faliur Worn out brushes, wind- Reduction of combustion air Ni]C Fan and inotor should be designed for
md Aswr Fan and tion sir Lo the boiler ings shorted/open from premure, causing 2 seduction repair or replacemant by uset.
18055 Motoc for compiete cosabus- excensive ambient tempers- in outpui to tolst los of sys
tion of the fuel ture tom
18060 igniter Provide the aputk io Falure to ignite fuel Sperk plug opraed, System shutdown or failure c Clesn or tenisce plug.
gnlte the fuel in the (conthmiastion) to start
bosler wors
18070 Condenact Fore cooling aiv to {1 Motor failure Worn branags. open or {1) Deterioration of output M
adt Fan and flow across the core shorirnd winding. woin 10 system shuidown by
IRGHO Motor {fias of the condenser brusives safety if motot stops
completety
12) Fan failew Worn bearings {2) 1ncresse in nowe level
with wors ivarings
18050 Ducting Chonnel the intoke anr Cracked or reptured Shock, vibeation, thermst Intoke reduced 2 flow to mM Ducting can be repaared Of replaced
1 the bolier and the ducting stress boiler; fuli powre output may by weer.
exhaust from the ot be achievable
Boiler Exhowst: damage {c rompo-
e’ sdpcent 12 duct perron-
et and five Marwnd
m1te Hattens, Procide 24 Vic warting Loss of charge B loss of 4 attery can v uc System can be jumperstarted by
23 Voits carernt and winteriza- surfore o indetwml short. weed to stert wtew if vl wzcm-mmaum
ton warm-ep prior lo able; if mo cutmde rarting
starting s06ITe exuts, the generator
wt cannot be started
18120 Furl Lines Contuct the fuel from Fuel line clogeed, Contawinstion in foel, vibre- Towible lon of output reguls- mC Visal lnepeciion should show leaks.
and Ftengs the fuet tank to the lesking, ruptured tion, shack tios st fulf losd to total Jom Fuel e should be uter-reparadic
fuel pump and then of systen
o the atomirer
18130 FuekLwne Filter contamiasnts Filter seveca clogped Comtanweants in fuel Reducton in output nM Clron fiter during requisrly scheduled
Fitter from the byed . »
istse Forl Tank Contan an ryght: Tank leskmg. cracked, Vibertion, shoek, thetamal Leeking fuel conld caver fite mC Viual inspection should show leaks.
ad Shut hout fuel wpply reptured: vabve clogged, Attt hazard Touk sthould be uwer srplacesble.
O Vabe jammed. heolen Systrm ekt be shutdhrwn
for hamediste repacr
F7 ler seveen detenn- Vibestion, shack, fatigee Cloggrd siomization burwer, ~ Replace danaged filters during P
. raied, crecked, broken cavung reduction in output
18150 to los of systems

*19i50 1 combined mth 11140,
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‘ Tuble 4 FAILURE MGDE AND EFFECT ANALYSIS FOR TECO ENGINE GENERATOR SET
- Ihacrophion _l o
K Giroup Foture Fadure Failwre onti- Acticn Takena/
B . o Componcnt Function
E Code o | ! Mode Couse Bfect clity* Avosdence Techaique
. Asmrmbly
FLUID LOOP-21000
M
£ Atna thnker ant, Convert the working Rupture 1n workingfluid | Owrhzating. fatigue, ihermal Working fluid deienonted 8C Sefety devices mill prevent
daudat and Nlwd (UP39) from a ube FxpoRSI by mixing with buffer fMuid, system duange due Lo Over
Uaning biqasd ta 2 yapor, sepa causing grsdual feduction i premurization by shutting
rate shee working flud output syslent down
::“":'u“'n"::‘;“m?‘“,‘r:' Hupture s balfer flosd | CGverheating. (atigue, thermal | Working fad hot spots due | M€
= the butner flsme Tube expansion 1o loss of buffer flud. caucng
- gradust reduction 11 oetpel
s Systiem shutdown frsulting C
from bofler Nuid's extingunh-
ing flane
Ruptund botker raung Hot staet, fatague, thermat Syster shuldown c
- expanuon
. How Nyarausw Sepatate tic wlcone Collecior scteen clugged Drpusst busdup ox sereen from | Reduced efficiency o
Awarinbly tubewant (rom the workng-fuid rostan<slon
werbing fuid snd re- Collector scrvem cracked, | Fatigue, shock, vlastion Ok cared Hwoughout the )
Surn tiw lubricant tu beoken systrm, b of ubricating
. the engine crankeose function, slow progression
to shatdown
i Fhaat sabir faede fuid Deposits and particks from Workag flud flows into M
i clowd Nutd 'vit rumtantinal, » crankease ~ output falls of
H Float vabve fasls fuls Mevharical linkage broken, Ot carred throughout the C Picmg ught glam o tank rould
t lowd ponrd, dconnericd yilem, los of lubricating e yaalansorction capebibity
! 1 inction. rapid progressiot mag operation.
; 0 shatdown
H i Float valve stcdung Parixie contamination Lows: of system effici-ncy L]
i Huptuce or (asleee 3t Fatigue, dock, vibr 1A Lok {o & [ Pressure gage shouwid indieate
{ o thermat exvpancion i fluid ioss grice Lo shutdown
i 1
Mot 2 throttle Vahe Tiratile the soring Valre staching or aking Contammation s working Detenaration 1 output rg 9 ;
and ¥ and Dening flusf fhow to coptrot H fhad. ruptiee in Oaing wlstron
- i
S Mater expander rpm + No control Tawve motor open. shartrd. Output drictiorsion Lo svs- MC
i H gounded tent shutdown
s Bhellows tuptuee Fatigue due 1o vilieaton, Syt shutdown by over [
' ' | shock lempenatute, inital premore miety }
1 ! s flon
i
a0 b pender § Comen sorking upor f Wear of valves, beassags, Contasunaled lubhrwani, increase noier teved. ot in mM increased none RCates sitoirt
g § low enerd 1nlo sola- ; and Diags, metad frvtting neturs! swckanxcal wrar due enregy-conversion «ffickeney weanng of perts
o Uonat shafl motae to o e
' dive shernstor {
t I fratage. static or dynamic § Weanng or Gilure of shaft Statc leak results i jaftuy of A 1 Rate of flud flow from recnoe
f : rolsn areh CORLAMNSRIS 10 the Svitem, [ witl mdaeate 5y stem fuid doop
i i dynamic leak reslts in fus of mniegnty R
H i workong fluld, tha » drop i .
Salem output : -
t ' | MaamLum requarments sbovld be
. i ¢ esteblshed priof to sy strotantegnty
' ‘ LR -
{ Shalt beanng wizing and | SEan heanng defect, near, Sastem shuidown [+ ;
I fraetunng and (tyoe i
§ Housng rupture Fatwgue, defect of cacting P Svatens shutdown, low of [ 5 N
§ wordmg flusd !
i
23w Regenetaton Polnoeow the working ; Homung taptoer (vapor Fractore at flaw. or Jatsgur Drtvniorstion io sysem c I Quakty controf 23d testing to
T bly fud s emperature be 1 aeea) frors wheation, shock, taermal | shutdown [ wwun mtegnts of Gabncated
fuec 53 enters the botler § Finned-tube rupture eyamicn . tubmg houung, £2d beanng -
b tamfemnng heet H ~
reum the working s3nd § Chogped lion on heat Depent thuidup en fins from Reduced eflicorney N
after it fogirs the engme 1 SVCRAREEE workingflurd contaminition
] . .
i !
P2 B § e sigr Consert the working ; Lk, ruptured tube Fadrpue from shoek, 1sdeatam System hutdosn [\ { Qusinty cuntrol and teamg o
por 1 & flurd by re or flaw 31 weld T wwore antegnts «f {aoncted
N IRE heat i 1ul0g. bruung and drazing -
N T Clogprd condeneer tubes Cortammnztion from workeg Low of output =M P38 ts2s of aoeiing fluvd should -
* flud detret contammation hefone
§ H B bundup 2ts takr pla
,  Clommng of covling ar ; Alrvaaphetic pafiscde con Lo of output s m P mcludes porwdac ckaning of
fien + tamwnation | condensercoee (e arry
:
2itm td P ~p Raiee ihe pressote of Wt vahies wals and ¢ C d hsbe ¢ nore kel fduced [ m M
e workang flud be Srangy, (inve in | weeking flusd, axtural owpul !
fors it enters the Wnngs ! mwchanocal wear Jrom ape !
i
bester Ruptire ~ jow of working : Fatigue of kocung fasteren Svsiem shuldowns C
H flud o lubricans d wsh .
Faduer of pamp in i Shalt fracture puton wirng. | Complese s of dresaunaton i C Increased rone Marstes wnows
opetate | or gror devabage dor to flew T causng sy item shutdonn i weanng of parfs
i Of {stutar and crcemne weae | 1
, front kubeodd (3dare . . :
! t B
e ko P Bepos evoewicr filgd Fai dosed % Akvhanme: west P Kot chowed — PIVSe R : [ -
Sa s prewie fram fied H " Boiirt e untd afen -
Pamip bk 1o 1€ com ; Freaurr suitones shut dosn f
Aerer Tslem H
| Fail open . % Fail open - cndensef preearr H :
i i ! nerveves 5 R
i : Ruptute of housng Batigee from shock + wtatmn | Lows of working flud causrg + € :
i % thermal e and of b | svdem shetdown ' =
! i | manutactunng N i N
[ R T I . J U, _L — } S _

[ R L 22 26N and 2I0%T are e ved wmrth 2] Thir
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Table 4 (continued;
of Companesty Fusctivs Fibece Fuibore i Fallere it Actien Token/
Aoy Mot e J' Effect byt Avwatiscs Tochnigee
FLUID LOOP-21008 (ccatinved)
Siarting Fund Frovide a fuid ° Lasking, d dr} FaciJue from vid ek
Contrat for the stat pusmp ) x;:‘m' . Mie
Reservoir 21130) snd the
a0t | Float vater faks 65 operate | drchamical nkage hecken. Vadve faited clowd, systems
{ } bo pre- smenvd from eravion or deposits| Wil ot stast
veat pump cavitation
from contaminated fluid
Valw {mled vpen, reduction »wc
of p
Starting Flind Provide initis? Nuid Reduction in pump out- Woes malor Mucher, ponic Pusaible insbility L0 sart ™M
Pumg snd pressuee and flow to put capacity mior beetings, or fuie sysiem i
Shlor start the Kaniiae cycle orkage
engine prorator set Lams of reguistion of outpat [ %}
Fallure to pusp Motor felhute from open, Jaslerv o sant [
shoried, or grounded circast
o magaetic compling taliure
Pump ] ir (211205 malty Falluce to tart c
Preacser Borst Safviy device 18 Nund Faiis Selow vaied poeauce | Monufucturing defoct Presature jows of <
Disks 100, %00, | loop sad hatler Buid e plaepsbSynivhuprda) el
200) pat e whick: ruptuses to 10 damagrg some fvid ioop
PEEVEM exorinite syiety companent.
avetpemurisalion Fails st rated prvasurne Sysiem own -prewure 12utdown
safety-premute shut Lo of system with o c System safety presuse shuldown
down citewit fuis chremt fadic, duk works s de- | demagr to componests in st be cabizited wirh poet
ngeed Quid Joop eare.
Fails shove rated poes- Manufacturing defect Low. of system with posishle
E ) serious componont demeze
Therwsior ard Connect the components | Leak, repture Fatsgor due (o tsmpersiure, Losx of working fluer, caming uc Befost the filling 2nd Raling of
Premure Sowsor | 1o Duid foop shocek, vidwction veduced output 10 sysiem the Nuid 'osp, § salic presare
MM‘M"""- ool shou'd he periormed io
Fittings. snd # ety
Flevines
POWER GENERATION — 24308
Alternater Generse the outpul Deverictstion 1o ke Genenator wiedlings open. Reducrd voitage regeistioa Nc
Starting power of the system, of 3¢ outpet soltagr heCied, prounded; wern or 1o Ao rem outpwt
peovide hwtertal power oget ciromt in AC thp nings,
for sustaired system beaning Jailure
.Wm"“‘"":::;‘ Lxs of starting torGue D fiedd circu open, Progresuve degradetin re-
the sysiem ferdpump shoried, prusded sulthaz 10 smahiity to siart
at system startup
Rectilirr and Chatpe e Bbktery Faslute of bettery- Electronic component {ailere Spste Intters cn be wed 10 MC Systew can be pmpry-siacied
Bettery sftey system statop charging excait dur to tewperature, shock, start system of availoble but wnh o sandard 24~volt
Charping vibeation, er random chvuet must be charyed by other miditary battery
inilare mesns. i thete is 20 utside
sarting sourer, the genersior
2t conbot br warted. l
ELECTRONC CONTROL CIRCUITS — 26000
Spred Semng Semw slrenator Lo of sigrel. Faif Electrical ke Loss of wgnal. Modulsr replacrent of control
and Thiotile {24010) frequency and fullcoen comnd - {catsstrophic or drift) due to FuSopen commmnd — MC encat would memamwse system
Vatve Lope load and sdpk the Fasl {uli-chosed . P shock, owerspeed, lom of rgw- downtime acd meke st werr-
throttle velve 121040 vr raeom clecuit Taituee Wation. and witinete sy»- reprerabie.
ad 231007 16 maintain tem shutdown dee to
romtant RPY CRTPIRSY
Fullclosrd command — nc
Lest of reguintios, soo
sgevd, system shotdown
e 10 CverprEIE
instadiiety — Yous of dataviar- = lum of owtpat n
ezt rod ation repaLion
Burner fostml | Provide the agnat 1mition lows Open control ciecwit System shutdows or faure €, Medlar rplscemnt of comtrol
and Ignrion and current o U o start Swewt would ImIREZe Sy TR
Logwe Crecust rater and boter downtnne 306 make ¥ vt
repainable
Laas of controd, fe8 Fuidwre of thetmistor, relny, Full oper.  hgh bolles temp- . £ ol
open wheneeds, & other el eralury, syt cOMIngs to
Lo of control, fult corsponents, or combcnatrcas wpreate tf 4 folt losd; odwe-
closed of these wine, (verprosure Wik cowe
wiety shuldown
Full ciomrd: Jow Skt demp-
eratuee: system te
Madle fok jond with required
regulaiton
Fuel Rate Determene the atawmt 1w of ngnel Qpen control circudt Seatrm hatGown of (adure < Modulw teplacrment of conirol
T Cecont of fuel requared to 0 st cncut wouuld mirimize sysem
Bamiam the praercy GOWALIRE st ke upit ot
toud sné opraate the repannble
fuet pump to provide Vi of comivol, et Foilre of ome o more circust | Puil oprs bk Dokt temp: | MT
It smount open componants Sure; sytiem coMinwes o
Low of control, fu't operate 3t Tull Joud, ottat-
clied wae, ovetprenade wilk cowac
frty shutdown
Full chosed  sytewt 3° tdoun
o2 {micre to dart

{contmued}




Table 4 (cuntnued)

Goap | Rl I Falwre Faikre Fature ot Action Tates
Oode Mo [ 0 Y Made Came Effeet atty® Svoidancr Teohmgee
ELECTRONIC CONTROL CIRCLIVS — 2000C (costmurd)
26050 PrewgreLontrol | Senie working Pasd Faiture of Contammatics snd wear of Imrstatulity  kss of outpat o N dutsr replackient of centrol
and Condenwey Fan pressure 38 the con- contol cruit the pressuse siisof, GpeR. regulation g rcdil would puniize sysiem
26110 Lope Cirewit deassy (210703 ds- snoft, grovnded control cuces dunrame snd mabe unit user
charge, turping on off
m“"mm ¥all ogen  motor continues m
creasing tu operpie, sysiom muns at n-
speed L puintain duond efficency
sienth ate prewurs
Fal cloed o of (a0 coabag,; C
IMPCIRILLE FEMULE tiae Caiws
safety shutdown of system
26060 Orentepyperstate | Semie flund tempetalues Faiw-ayquad Fallute of cooust cemponint System will shatdown € odubr repiscrment of coatrol
Cueait at boder dueharge and or thermrtor cireat would minguze system
sajety ahutdown the downtiar and make unit wer-
system by cutte off paitable
:;r“" ﬁ?\:&"ﬂ Faihure to function Impropey wrtting, deterrondicn Porsture bant dor wilf actaste M8 Préastodest capabdiny should
perat OR ouerlemgeratune of thermrzor Syitem will shutdd. wn and he be watalied of powbie
preset Jamit retdesed usloss.
w070 Starting Pruvide the capabihty Faluer 1o contral dart- Exetntal-componpent fubar Fatl @ o start sodem ! < Moduter rstieennit of rontrol
Logie Cireust 10 dlart the system, co up swquence due Lo wmpereivee, vivauon, ! cienit would msmze system
ardinate all the mochinen shock o random orca donntipe and make ¥ uNT-
fequired {or stast-up, - 3
mose mackinery from Foilistr L0 mquence SATUp NC Safety dermes should be foraied
?’www % e pruprtn — ho probiem 0 euest gusion wien large
m*’ﬂ«m‘*‘“““ : t0 RO system siart ox danpes amaunts of anburned Guel base
on Ledw stant i 1o Prwenct stems fam ! P peest smpected e binder
ipler exploewon :
25080 Contral Inierecaneet the cantsol Fadlure of curunt Circuit open. iharted, puunded | Mo sumedse effcet w syden | mO Modulr erplacement of vonitol
Connerting cireuds formung A6 0lT- compooent {aluee from thermad | hutdows or wahilny Lo 2t reus would minime e
Circust aclasy, artscork te start sresk. vibesbois, shack o1 nor dountime and mati “7El owr-
= *ug, protect, and shut il e wesnt orpaarabl
Sous the fenreator wt
SUPPORT CONPONENTS — 28000
- —— S — - - -
o 314 tuet Pump Pronsde the proper quan- | bartise 1o supydy fuel Lane clogeed frons contams System shulfonn [y i $oel-lne filler checked and
and Fleat Remesvons tity of furd to the atom nation. brken fued ime frovs N cheaned
28020} gnd Soknod rzatmn busaer sirasion {aliger. stepoRt §
AP open Cirml H
Reducton i fued upply § Despheagmaales ook, fm> oon- | Lass of reiabas of solispe o Fued namber putnp should be
tzumstonr G Lo sovegond desped for srpar or tepinee-
et by weey,
Hajn Fors Line Fiiter cosiamnsnis from  { Filker soreen doged + Coptasinants i fucl Reduciis i et ;B Ciesrs fibre duming roguianty
Futeq the fu? , wehwduiod FM
E Filuer seren deteownsled, | Vintion. sbeck, fatygor Qlogged stomization burnes 2 < Bephce divigod faters
crackad, bucken causing redaction 9 autput dunng PM
f 30 ke of sysiem
L0 gﬁwmv Proaduee the flzoe (o Ponat caetbustion {kterination of butnes patis Gradust redsetol 58 ouiant 3 Prwrntioe mamtenance checks
Q Aseembity Yras the ansking Busd froen prigrestse astdston showio detect deterioation b
i {ore nuxe prublem vecon
Foor feel quabty Cmn or replace fuct-lor fitter,
| dren and Jetal fuel X
{ Lo of foet Suzzie cloggiog, Tioe ocohtam System dutdown v fakare [9 Ciean furt hors. burne  noszie
Maon ST deam and serd ferl taok
f
R i) Stomezstest Caumpross e 37 that gk eoed 3 Letrgur Sgons Shilduns ” Compresor asg Mtor should te
Camprimment » & et 1 sty the & d for repass o prph
y sad Motas i{m»uémpﬂmm ey
; b tute it the Borler
i H Mailsr (inee ¥urn ond et Hedurtion tx oetpst ¥
! i Windags dutted opre due 16 | System setdonn c
z essrwsvr anbevd HOIBIRTNTe
BEEE Viam reee ;Rr&ntf!h-fndmﬁ!l Farlire 1 stonmer Cogzed, wou by eordamianis ] Wnpropes candustion o AaC Petnellic cieamag of stsamta
< fmrtude. n 3 sprEy e furt oraperts n faed herder, sRusmg aduerd
g : | mwcinn e the burner Sipst to fos- of System
§ H i
21T ! Lam et I Supoly the srmdulion Metor fusiuny s Worn oot breads, swhngs Lesis 6f s fovsiart, owevitig mH Crunptessor #Rd ntor oeld b
aft . Blowr amg b st v the st fol | sbortedopen dae to rovsiv 2 redurhion 8 Oulpgy, bather P deuprved far reypett o trplpcrmient
R » sampiely cnstrhondzon Snderal tempeestar Tt wocld be sotewed 3t - Pooby wer
< uf ybe fact I tedaced effirwtes by atam H
8 5 H tratnon ad svmiabie 3w :
. { H H
eews p g Pk tne Bret t § Lvk of ppateon fiow-jRog elsitone oponedt, Fashure to swant c ,  Flean or wplere slug
! porae trw Turk m fhe . sweorterd. o groamnded won
! e tamnnation) . |
Eo b Condns  ¥on ih\m SmeE 45 to tew | Mot tatare Woans esreegs, oprw ar daried | Detenontion of oulpt @ f =L } Fan a8 mator whord br deagned
ard - ant Yty © AT U oo Aol { witthay woan Wodr svitem ety shatdonk if H I for pepaar o eplacorent by aser
e 3 3o P el ©omer H MmOL & eSmplety Watkure H H
N | brereaw n nobe bevel foan ;
wure bearsegs ; H
- 13 t :
Dl Ratieny ‘I Veris § Prosw oot o Lise Gt eharge Treabagr dass of sderimbite Spwee batury can b wmed o MC % SuRem cart be nompes started
H %r:z-v« Surlaer =7 pGeTIAS FrAt start systrm I 5o antade i e & stantard 2410l muhian
i sEgrissg somee exgsi. 1B 5 Tadtery
% : i procrater wi sanood i
: ! wrted } .
L s } i

o 2N g aridneet wdn ST nia T 6 ot 1 wEl SR 2RI oo combuned wal 21080 2580 & ermbrre anp 21T

Wi

travasiard)




Table 4 {contusued)

Qroup | Doacription Falture Failaer Folae e Takew
Code No, | 4f Somponeat! Vode Coee Elfee: ity Avoidense Technigee
Adsshly
SUYPGRT COMPONENTE — 20008 {tontinued)
28160 Eaosnsion Teak | Aet 36 2 rewrwils for the | Losking or rupituns in tank | Fatigee, vibration, shovi. exces- | Lons of buffer i, gratund MC Unit desigaed to withstard premase
Botlcr Jacket Wiffey Buid and provide sive Chevinal expoost n te temperatins. beyond the ket
an arvs for thermal ex- systoms shitdowa wherw (he -
panslon dering bulier shure pressire wiald e systows
id
*
o Fac) Lines ané Comdict the I 1 from Fuel Line clopged, C . in fuel, Powible e of outpat re- =i Viscal isspeetion showid sow
Connections the fad G2k 0 the Smidag, ruptaned hock guistion at full losd 1 keks. ol Line shouid be uwe-
atomizer theough the tolal loss of system wpiinle.
fumt pumap
20190 | Ful Tackand | Comtaln s eighifiows | Taok rekieg. cracked, | Vibktion, shock, theraed struma, | Leabing fuct codcavee fie | ;i€ | Viswal inapection showid shx
Kratolf Velue supply of fust rapéwwd; vaive clogyed, eontuminnied fue tazard, Sysiem shonid be aks Teak shoald be -
jmmed, beoken shutdows for immediste opesabia.
o Dewcting Channet the istske siv Cracked of fuptuced Shoek. vibrstion, thermad betahe: redverd air flow =M Pucting cas he repaived of 8-
10 the boller sai the sewm 16 Bisiler; full aowet oulpwt plored by ueer.
exkawd frove the Loller may wot be sehievable
Extaant — dtioege 1o com-
Ppininis sdjuceet 10 dacting.
piroanel yod fioe baxard:
iscrenor 1 aolse
6120 Preraite swilchos! Shut sysem dows Faitew to finiction Masuiactaring defort Pomdble wstsm digmage M incorperation of &
0 pE or 2000 pat when et dinc frosa delayed shuidews press io Uat circult
PRI eplas may detect unialie
fuptary Premaiwie Faituse Open, thoried, or Low of symes from [ faclory swised.
growwded rircait {akee sale + sAutdoun

*$2817H {3 combinsd with 251410,

i

vl




CHAPTER SIX

COMPUTER PROGRAM

The computer program was developed on a time-sharing system with basic FORTRAN
used as the language. This made the program suitable for use on USAMERDC’s COMSHARE
time-sharing system with their preferred XTRAN language.

The program, described and illustrated in Appendix B, is designed to assess the
reliability of a simple series system. It can assess individual component redundancy when
the appropriate inputs are provided for the redundant elements. Four reliability or failure
distributions can be manipulated in the program: the exponential, normal, lognormal, and
probability distributions, It is not necessary for all components to have the same
distribution, but one component cannot have two failure distributions at one time. The four
individual K factors can be applied to the single component failure rate to account for
different system environments.

Appendix B also presents detailed instructions for exercising the program on a
time-sharing computer terminal.
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CHAPTER SEVEN

RELIABILITY AND AVAILABILITY PREDICTIONS

7.1 RELIABILITY PREDICTIONS

Rehability-prediciion models were developed to represent the organic Rankine-cycle
engine generator sets of Fairchild Hiller/Stratos Division and Therno Eleciron Corporation.
From these models, a computer program: was derived; it yielded quantitative reliability
predictions for the two systems.

Table 5 shows the specific results of the computer program for the two manufacturers’
generatior sets, operating for the two specified missions in the three environments.

Table 5. RANKINE-SYSTEM PREDICTED REUIABILITY

K Mission 1 Mission 2
Factor straTos | TECO | SsTRATOS| TECO
Manufactuzer 09882 | 09941 | 0.9516 0.9757
Portable 09703 | 09766 | 0.8819 0.5061
Track Vehicle 08752 | 08990 | 05736 0.6415
Laboratory 09950 | 09948 | 09794 0.9787

It can be seen that the more severe the environment, the lower the probability that the
generator set will achieve the stated mission. The manufacturers’ estimates for their own
sysiem reliability are also included for comparison purposes. An examination of their data
and the final results indicates that they assumed a fixed ground installation rather than one
in which the Rankine system would be portable.

There 1s hittle significant difference in the system predicted reliabilities for either

manufacturer for 4ny given environment and mission. Operational analysis and accumnaulated
failure data may yield different empirical results.
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7.2 AVAILABILITY PREDICTION

The goal is to achieve a system inherent availability of 98 percent for each of the
Rankine-cycle generator sets. Inherent availability is based on active operating and repair
time and is the probability that the system will operate satisfactorily when called upon.

Mathematically, it can be defined as

MTBF

A. T e re—————
'  MTBF + MTTR

where

A; = Inherent availability
MTBF = Mean time between failures (hours)
MTTR = Mean time to repair (hours)
Since a large portion of the organic Rankine-cycle generator set will not be repairable at the

organizational level of maintenance, the estimate of the steady-state inherent availability is
calculated as follows:

MTBF (repairable components)

A(t ) X R; (nonrepairable components)

MTBF + MTTR (repairable components)

Table 6 shows the results of the availability predictions for the portable ground
environment (K, ) for the 24 hour mission only. The maintainability information needed to
denve the inherent availability was not available at the time this report was prepared, except
for the STRATOS MTTR estimate of 0.7 hour; the maximum specified downtime of three
hours was therefore used to compare the impact of repair on both systems’ availability.

Table 6. ESTIMATED STEADY-STATE
INHERENT AVAILABILITY
STRATOS TECO
MTTR
Source MTTR Ay | MTTR | Ag
{ (Hours) (Hours) |
; i
Manufacturer } 0.7 0.2171 - -
Contract E
Goal i 3.0 0.9703 3.0 0.9783

Because of the large number of nonrepairable components and the high MTBF for the
repairable components, the avaiiability prediction diff- rs only shghtly from the reliabihty
prediction.
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CHAFTER EIGHT

FLUIDIC-CONTROL APPLICATION

In the present concept the organic Rankine-cycle engine generator sets will be
controlled with electronic circuits. Since elecironic circuits can fail catastrophically. another
method of system control is being investigated — the use of fluidic components that are
powered by the organic fluid’s vapor pressure. Tl. 2 investigation to date has considered only
the electronic circuits proposed by the two manufacturers.

The critical question is whether fluidic circuits can completely take the place of
electronic circuits in the generator set. It is possible, but it is also believed that complete
fluidic control is not practical. Fluidic circuits cannot compete with electronics in response
time. Electronic responses are in microseconds and fluidics in milliseconds. Fluidic circuits
are also usually larger than their electronic counterparts.

Yet fluidics has some advantages over electronics in tha. the controls can be
hermetically sealed in the fluid loop. Contamination would be minimized, and there would
be no dust or atmospheric corrosion to affect relay contacts, open leads, or solder joints.
There are few moving parts in a fluidic circuit, as there are in electronic relays or stepping
switches. Vibration is not a problem since the fluidic circuits are stacked and then
fusion-bonded, forming an extremely rugged device.

In the organic Rankine-cycle generator sets, the best areas for the fluidic circuits are
those in which pressure, temperature, or speed is being sensed and being converted to
motion to regulate flow. The circuits in the system that detect fluld pressure and convert it
to an output signal to control the condenser-motor, fuel-pump, and blower-motor speeds are
best left as electronic circuits. These are electrical-signal input and output circuits; present
fluidic circuits are not as compact, and their response time is slower.

The reliability of fluidic circuits 1s still in the very early prediction stage, Very little
operational information has been accumulated on the circuits because of their still-limited
use. It is known thati leaks and contamination are the most prevalent failure modes, anc it 15
beheved that fusion-bonding the fluidic circuit and hermetically sealing the unit in1» the
Rankine fluid loop would virtually eliminate these failure modes.

With the organic Rankine-cycle generator sets in the development stage, it may be
premature to consider fluidic circuits. Each engine manufacturer is stiil making design
changes, fiuid-loop corditions are being revised, and the exact methad of system control is
still unknown in some instances. The design and fabrication of a fluidic circuit in itself is a
complex effort because of the many unknowns and the lack of off-the-shelf standardized
components




The feasibility of fluicic circuits should definitely be investigated and tentative designs
established for the use of fluidic controls on the generator sets. The actual incorporation of
partial fluidic controls should take place only when the organic Rankine-cycle generator sets
function properly and demonstrate their practicality for use as field mobile power sources.
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CHAPTER NINE

CONCLUSIONS AND RECOMMENDATIONS

The primary objective of this program was to provide USAMERDC with a quantitative
appraisal of the predicted relizability of two organic Rankine-cycle engine generator systems.
The tasks performed to meet this objective led to the following conrlusions:

* The two manufacturers are constructing generator sets under different power
requirements. Care should be exercised in making comparisons. The predictive results
show little significant difference between the reliabilities of STRATO3’s or TECO’s
Rankine systems.

* The electronic control circuits had extremely high failure rates and contributed
heavily to system unreliability. TECO is still designing its control circuits; therefore,
the STRATOS failure rates were used for the yet undesigned circuits. In this way, the
impact is the same on both manufacturers. When TECO completes its design, the
TECO model can be modified.

* The failure rates used in this project are estimates based on historical data from

similar equipment. Until firm system failure data are developed, the results should
not be considered empirical.

* The hermetically sealed fluid loops cause the major portion cf the generator sets to
be nonfield-repairable. This contributes heavily to system unavailability.

ARINC Research Corporation recommends the following courses of action based on the
results of the analysis:

* Implement a data-collection and feedback procedure for MERDC and th: manufac-
turer’s testing program of the orgaric Rankine-cycle engine generator set.

Perform a detailed design analysis of the Rankine systems to determine ilie best areas
for design improvement, redundancy of components, and repairability to improve
reliability, maintainability, and availability.

°* Begin developing a life-cycle cost program io evaluate the proposed designs for
portable field generator sets against those now in use. The evaluations should
consider as a minimum initial production and procurement costs, operational costs,
and the effects of repairability, logistics, reliabiiity, and maintainability.

* Make a critical evaluation of fluidic circuits versus modular-replac2ment electronic
circuits for the Rankine generator sets. The present estimates of control-circuit
reliability may make fluidic circuits a wise choice.
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APPENDIX A

SOURCES OF FAILURE-RATE DATA

APCOLLQO Reluability Prediction, Estimation, and Fuvaluation Guidelines, National
Aeronautics and Space Administration, December 1963.

RADC-TR-114, Volumes i, lI, and i, Data Collection for Nonelectronic Reliability
Handbook, Rome Air Development Center, Air Force Systems Command, Griffiss Air Force
Base, New York, June 1968.

Failure Information Notebook, Special Technical Report No. 22, ARINC Research
Corporation, December 31, 1965.

Mechanicat Design and System Handbook, Harold A. Rothbart, McGraw-Hill Book
Company, New York, 1964.

MIL-HDBK-217A, Reliability Stress and Failure Rate Data for Electronic Equipment,
Department of Defense, 1 December 1965.

Army, Navy, Awr Force and NASA FARADA Failure Rate Data Program, Volumes 1, 2,
3, and 4, Naval Fleet Missile Systems Analysis and Evaluations Group, Corona, California.




APPENDIX B

COMPUTER PROGRAM FLOW CHART AND INSTRUCTIONS FOR USE

FLOW CHART

The flow chart for the computer program is presented in Figure B—1.

INSTRUCTIONS FOR USE ON TIME-SHARING COMPUTER TERMINAL

The steps described herein must be strictly adhered to for the program to funct.on
properly.

When a link with the time-sharing system is established, the first symbol seen after
“RUN?”’ is typed is an equal(=) sign. After the equa!l sign, type the number of components
(N) in the system and the number of cycles of operation (M) (ten maximum). Each of these
variables is allocated two placss, and the datz must be right-justified.

A second equal sign will then appear, and the M sets of times of operation must be
typed. Each set consists of two times, a startup time and a run time, in units of hours. Each
time is allocated five places; it must be typed with a decimai place and in such a way that
none of the five-digit fields overlap.

The third and last equal sign will appear, and the K-factor codes (1 to 4) must then be
punched for the M cycles of operation. These factors are used to adjust the failure rate and
mean values. There must be K factors for both startup and run; each K factor is punched in
an I2 format This ends the data entry at the keyboard at the time of execution.

The failure rates, means, accrued operating time, and K factors are stored as file and
called “XRDATA’ for Fairchild/Stratos and “YRDATA” for Thermo Electron. Before
running the program (XMODEL), it is necessary to type the following line if the data file for
Fairchild/Stratos is to be used: 90 READ (“XRDATA™, 4) (iSP(l, 1), ISP(], 2) IDST(I),
(VAR(LLJ),d=1,7),I=1,N).

The term XRDATA must be changed to YRDATA if the Thermo Electron data file is
used.

When the data are prepunched, the following format is used, where one line represents
one component:

* Columns 1—5 contain a line number code. This is not used by the model program but
is used to edit and update data entries.
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* Column 8 contains 2 *“1” if the component is in series and a “2"" if it is in parallel.

* Column 11 contamns a ““1” if the component is used in startup only, a “2” if it is used
during run only, and a “*3” if it is used for both phases.

* Column 14 contains the distribution codes:
1 = exponential
2 = normal
3 = lognormal
4 = probability of success

* Columns 15~21 contain the exponeniial failure rate X 10°, or the mean time to
failure (normal or lognormal), or the probability of the component’s success.

- Columns 22—28 contain the standard deviation (normal or lognormal) or are set to 0.

> Columns 29—35 contair. the time the component has already operated if normal or
logncrmal is used or are <ctherwise set to 0.

¢ Columns 36—42 contain K factor number 1.
* Columns 43—49 contain K factor number 2.
- Columns 5056 contain K factor number 3.
+ Columns 5763 contain K factor number 4.

Note 1: The last seven fields must be punched with a decimal point, and no fields may
over'ap.

Note 2: The values associated with lognurmally distributed variables must be in terms of
natural logarithms.

The prediction program i¢ shown in Figure B—2.
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405 200 UINTINUF

a S=H4p
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220 ¢ FORKMAT(3IE]lS«8)

430 10 CONTINUE

AAD) PRINT: "SYSTEM RELIABILITY"™
45() PRINT 4.8
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47:) SToP

4e40) END

Figure B—2, PREDICTION PROGRAM



